Objective: To investigate effects of growth and food intake in infancy on iron status at the age of 12 months in a population with high birth weight and high frequency of breast-feeding. Design: In a longitudinal observational study infants' consumption and growth were recorded. Weighed 2 day food records at the ages of 6, 9 and 12 months were used to analyse food and nutrient intake. Setting: Healthy-born participants were recruited from four maternity wards. Blood samples and growth data were collected from healthcare centres and food consumption data at home. Subjects: Newborn infants (n ¼ 180) were selected randomly according to the mother's domicile and 77% (n ¼ 138) participated, of them, 83% (n ¼ 114), or 63% of original sample, came in for blood sampling. Results: Every fifth child was iron-deficient (serum ferritin < 12 mg=l and mean corpuscular volume < 74 fl) and 2.7% were also anaemic (Hb < 105 g=l). Higher weight gain from 0 to 12 months was seen in infants who were iron-deficient at 12 months (6.7 AE 0.9 kg) than in non-iron-deficient infants (6.2 AE 0.9 kg) (P ¼ 0.050). Serum transferrin receptors at 12 months were positively associated with length gain from 0 to 12 months (adjusted r 2 ¼ 0.14; P ¼ 0.045) and mean corpuscular volume negatively to ponderal index at birth (adjusted r 2 ¼ 0.14; P ¼ 0.019) and 12 months (adjusted r 2 ¼ 0.17; P ¼ 0.006). Irondeficient infants had shorter breast-feeding duration (5.3 AE 2.2 months) than non-iron-deficient (7.9 AE 3.2 months; P ¼ 0.001). Iron status indices were negatively associated with cow's milk consumption at 9 -12 months, significant above 460 g=day, but were positively associated with iron-fortified breakfast cereals, fish and meat consumption. Conclusions: In a population of high birth weight, iron deficiency at 12 months is associated with faster growth and shorter breast-feeding duration from 0 to 12 months of age. The results suggest that a diet of 9 -12-month-olds should avoid cow's milk above 500 g=day and include fish, meat and iron-fortified breakfast cereals to improve iron status.
Introduction
Iron deficiency is regarded as one of the major nutritional problems. In infants and young children, iron deficiency anaemia seems to impair mental and psychomotor development (Idjradinata & Pollitt, 1993; Lozoff et al, 1987) , even irreversibly to some extent (Lozoff et al, 2000) .
Iron deficiency without anaemia may also impair development (British Nutrition Foundation, 1995; Nokes et al, 1998) . The risk for iron deficiency has been considered to be greatest in late infancy when the growth rate is high and dietary iron intake is usually low (Dallman et al, 1980 ). An adequate iron endowment at birth along with exclusive breast-feeding provides sufficient iron to prevent the development of iron deficiency during the first 6 months (Department of Health, 1994; Duncan et al, 1985) . One study showed higher birth weight to be positively related to iron stores at 4 months of age but not at 8 months (Wharf et al, 1997) , while others found the association to persist until the age of 12 months (Persson et al, 1998) . Growth rate during the first year has been negatively associated with iron status (Michaelsen et al, 1995; Sherriff et al, 1999) . Birth weight in Iceland is among the highest worldwide (Birgisdottir et al, 2002; Thorsdottir & Birgisdottir, 1998 ), but it is not known if or how size at birth and growth in such a population is associated with iron status in infancy. A high birth weight might protect against iron deficiency through slower growth, as birth weight is negatively associated with postnatal growth. Exclusive breast-feeding for longer than 6 months has been related to an increased risk of developing iron deficiency (Siimes et al, 1984) . However, breast-feeding during the latter half of the first year influences growth as breast-fed infants have lower energy intake and gain less weight (Atladottir & Thorsdottir, 2000; Nielsen et al, 1998) , and that might be hypothesized to lead to improved iron status.
The official recommendation on infants' diet in Iceland has been similar to that of most countries: exclusive breastfeeding until the age of 4 -6 months; however, Iceland differs from most other countries in its recommendation on weaning: cow's milk after the age of 6 months (Palsson et al, 1996; Steingrimsdottir, 1995) . It is of great concern and theoretical interest how the frequent use of cow's milk for infants in the latter half of the first year (Atladottir & Thorsdottir, 2000) affects the iron status at the age of 12 months in this population of high birth weight with a high frequency of breast-feeding. On the other hand, cow's milk is known to negatively influence the iron status in infants (Fuchs et al, 1993) . As usual, the slow introduction of other food items during the latter half of the first year is recommended, such as meat and fish, which both have been shown to be positively associated with iron status in infancy (Engelmann et al, 1998a) .
The aim of the present study was to describe the prevalence of iron deficiency and iron deficiency anaemia and to investigate in a population of high birth weight the effects of body size, growth and breast-feeding in infancy, as well as the effects of the consumption of cow's milk and other foods and nutrients on iron status at 12 months of age in a randomized, prospective, nationwide survey.
Methods

Subjects
Over a period of 20 months, a random sample of normal, healthy newborns (n ¼ 180) was drawn at four different maternity wards around Iceland, distributed by place and date of birth according to information from Statistics Iceland. The criteria for participation was singleton birth, gestational length of 37 -41 weeks, birthweight within the 10th and 90th percentiles, no birth defects or inborn longterm diseases, Icelandic parents, and the mothers had early and regular antenatal care. After being recruited to the study, the parents of infants immediately received both oral and written information about the study and were invited to participate, 138 (77%) agreed and of them 114 (63% of original sample and 83% of possible participants) came for blood sampling at 12 months of age. A control group (n ¼ 70), meeting the same criteria and born on the same days as the participants, was included in the main study and 57 (81%) agreed to participate. This group was only examined at 9 months and is thus not included in the present study. The participants were randomly assigned to each group. There were no major differences between the control group and the study group, suggesting that participation in the longitudinal study did not affect the dietary intake (Atladottir & Thorsdottir, 2000) . In this population of high economic standard the parents provided information about socio-economic variables, such as their age, education, occupation, smoking status, family income and the number of siblings. The study was approved by the Local Ethical Committee at the Landspitali University Hospital in Iceland and by the Icelandic Data Protection Commission.
Growth
Information on the weight, length and ponderal index (kg=m 3 ) of the infants was used to evaluate body size at birth and the age of 12 months. Birth information was gathered from the maternity wards involved in the study, and the participating families' healthcare centres supplied information on growth measurements during infancy.
Food records
Food records for the infants were made once a month, from birth to the age of 12 months. They were completed by the infant's parents or carers and covered at least 24 h. Weighed food records covering 48 h at the ages of 6, 9 and 12 months were used to study the amount of food and nutrient intake in relation to iron status at 12 months of age. All food ingested was then weighed on accurate scales (Philips HR 2385, Austria), and the infants were weighed before and after breast-feeding (Tanita 1581, Japan) to estimate the volume of breast milk consumed (Atladottir & Thorsdottir, 2000) . . The cut-off points used for iron deficiency anaemia were Hb < 105 g=l, SF < 12 mg=l and MCV < 74 fl, and the two latter indices with same cut-off points were used to identify iron deficiency. Infants who had either serum ferritin or MCV or both indices above these cut-off points were classified as not being iron-deficient. The cut-off value for Hb of 105 g=l has been used and deemed to be appropriate for this age group (Michaelsen et al, 1995; Siimes et al, 1984) , as well as the cut-off value for MCV of 74 fl (Fuchs et al, 1993; Gill et al, 1997) . The value for serum ferritin of 12 mg=l is according to WHO criteria (INACG et al, 1998; WHO, 2001) . Since serum ferritin is a phase reactant, parents were urged not to bring their children to blood sampling if they were ill or had been ill the last couple of days. An experienced paediatrician also evaluated their health and CRP was measured when appropriate.
Iron status
Calculation and statistical analysis
Weighed food records were analysed on Comp-Eat Nutrition System (Carlson Bengtson Consultants Ltd, London) with a database including nutrients in Icelandic food and special infant products. Data presented as means, s.d. and percentiles were calculated in Microsoft Excel 7.0. Other statistical analyses were done by SPSS=PC. Student's t-test, MannWhitney U-test and chi-square were used to identify differences between two groups, and one-way ANOVA was used for differences between more than two groups with post hoc Bonferroni to determine which groups differ. The linear relationship was examined using Pearson's correlation coefficient, and multiple regression analyses were done to evaluate the associations of food and nutrient intake as well as other parameters with iron status indices. Because of skewed distribution, SF was logarithmically transformed. The level of significance was taken as P 0.05.
Results
Laboratory measurements
Indices of iron status in Icelandic infants at the age of 12 months are shown in Table 1 . Iron deficiency (SF < 12 mg=l and MCV < 74 fl) was seen among 20% of the children; 2.7% had iron deficiency anaemia (Hb < 105 g=l, SF < 12 mg=l and MCV < 74 fl). The mean and median values of iron status indices given in Table 1 were relatively low, especially for MCV and serum ferritin, with the median values only slightly above cut-off limits. Girls had significantly higher mean MCV and SF (mean AE s.d.), 77.3 AE 4.1 fl and 19.8 AE 12.3 mg=l, respectively, than boys, who had MCV and SF of 75.5 AE 4.2 fl (P ¼ 0.023) and 14.8 AE 9.5 mg=l (P ¼ 0.018), respectively. Of 56 boys, 15 (27%) had iron deficiency, while only seven of 58 (12%) girls were iron-deficient (w 2 ¼ 3.96; P ¼ 0.047).
Iron status and growth
Iron-deficient children (n ¼ 16) had higher weight gain from 0 to 12 months (6.7 AE 0.9 kg) than the children who were not iron-deficient (n ¼ 65; 6.2 AE 0.9 kg; P ¼ 0.050). A difference in weight and length gain from 0 to 12 months was seen between genders. The weight gain was 6.7 AE 0.9 kg in boys (n ¼ 42) and 6.0 AE 0.9 kg in girls (n ¼ 39; P ¼ 0.001), while the length gain was 24.8 AE 2.5 cm in boys (n ¼ 40) and 23.6 AE 2.2 cm in girls (n ¼ 43; P ¼ 0.023). Regression analysis, adjusted for gender, showed that TfR was associated with length gain in the first year, the association being positive (adjusted r 2 ¼ 0.14; P ¼ 0.045; n ¼ 76). Also, after adjusting for gender, regression analysis showed a negative association between MCV and ponderal index at birth (adjusted r 2 ¼ 0.14; P ¼ 0.019; n ¼ 76). MCV was negatively associated with size at 12 months, ie weight (adjusted r 2 ¼ 0.07; P ¼ 0.008; n ¼ 81) and ponderal index (adjusted r 2 ¼ 0.17; P ¼ 0.006; n ¼ 76), when adjusting for gender.
Iron status and duration of breast milk and cow's milk feeding The infants classified as iron-deficient (n ¼ 19) had a shorter total duration of breast-feeding (5.3 AE 2.2 months) than the non-iron-deficient infants (n ¼ 89; 7.9 AE 3.2 months; P ¼ 0.001), but no difference was observed in duration of exclusive breast-feeding. The duration of cow's milk feeding from its introduction until the children had reached the age of 12 months was significantly different between irondeficient infants (n ¼ 19; 5.7 AE 1.2 months) and those not deficient (n ¼ 89; 4.6 AE 1.7 months; P ¼ 0.024). The proportion of infants receiving cow's milk at the age of 5 months was 7%, but at the age of 6 months this percentage had Iron status at 12 months of age I Thorsdottir et al reached 40%. No gender differences were observed in the duration of breast milk or cow's milk feeding. Regression analyses, adjusted for gender and duration of cow's milk feeding, showed an association between log SF and the duration of both exclusive (adjusted r 2 ¼ 0.05; P ¼ 0.011; n ¼ 105), and total breast-feeding (adjusted r 2 ¼ 0.14; P ¼ 0.027; n ¼ 105), and between TfR:log SF ratio and duration of total breast-feeding (adjusted r 2 ¼ 0.07; P ¼ 0.005; n ¼ 94), also indicating a better iron status with longer duration of breast-feeding.
Iron status and food and nutrient intake Multiple regression analyses of iron status indices and the intake of food items revealed that the consumption of cow's milk was almost universally associated negatively with iron status indices, except Hb, see Table 2 . Other food items associated with iron status indices, according to Table 2 , were butter and cheese, juices and bread (negatively) and iron-fortified breakfast cereals, meat, fish, biscuits and crackers and porridges (positively).
The same food items were associated with iron status at nine months as at 9 -12 and 12 months when adjusted for gender; the adjusted r 2 were 0.32 (P ¼ 0.041; n ¼ 95) for log SF; 0.17 (P ¼ 0.045; n ¼ 98) for MCV; 0.24 (P ¼ 0.001; n ¼ 84) for the TfR:log SF ratio; 0.09 (P ¼ 0.034; n ¼ 98) for Hb, but no association was found between TfR and food consumption at 9 months. No association was observed between iron status indices at 12 months and food and nutrient intake at 6 months.
When divided into quintiles of cow's milk intake, the infants in the quintile with the highest cow's milk consumption had significantly worse iron status, but no difference was seen between the other quintiles (Figure 1) .
A margin at approximately 500 g=day (between the 4th and 5th quintiles) was observed. Table 3 shows the iron status indices for infants receiving more or less than 500 g=day of cow's milk at 9 -12 months of age.
Multiple regression analyses on iron status indices and nutrient intake at 9 -12 months showed that the independent variables associated with log SF were calcium and vitamin E (negatively) and zinc and copper (positively; adjusted r 2 ¼ 0.29; P ¼ 0.035; n ¼ 94), and associated with MCV were potassium (negatively) and vitamin C and zinc (positively; r 2 ¼ 0.25; P ¼ 0.041; n ¼ 97). Potassium was the only variable to be associated with TfR positively (adjusted r 2 ¼ 0.06; P ¼ 0.012; n ¼ 85), while associated with the TfR:log SF ratio were calcium (positively) and zinc (negatively; adjusted r 2 ¼ 0.22; P ¼ 0.026; n ¼ 83). Mean intakes for all these micronutrients exceeded the average requirements, calculated as two-thirds of the Nordic Nutrient Recommendations (Nordic Experts on Nutrition The independent variables used in the multiple regression analysis were as follows: breast milk, cow's milk, other cow's milk products apart from butter and cheese, porridges, meat products, fish products, fruit and vegetables, bread, biscuits and crackers, cakes, iron-fortified breakfast cereals, butter and cheese, juices (with and without added sugar). The intake quantities used for cow's milk and juices were 100 g=day, but g=day for other food items. Only the variables reaching statistical significance are given in the table. Adjusted for gender.
Iron status at 12 months of age I Thorsdottir et al 1996), except for copper, where recommendations have not been established. Interestingly, total iron intake was not associated with iron status, mean iron intake was 5.6 g=day (S.D. ¼ 4.0 g=day) at 9 -12 months. No significant gender differences were seen in the intake of foods and nutrients apart from meat intake, which was higher in girls (n ¼ 47), 24 AE 17 g=day, than boys (n ¼ 50), 16 AE 13 g=day, at 9 -12 months (P ¼ 0.019).
Iron status and food and other factors
A regression with food factors at 9 -12 months along with other factors, ie the duration of breast-feeding or cow's milk feeding, weight and length or ponderal index at birth and 12 months as well as growth from 0 to 12 months, gave similar results as regressions with food factors only, except for MCV, where ponderal indices at both birth and 12 months were included in stepwise multiple regression along with cow's milk and cheese and butter (adjusted r 2 ¼ 0.32; P ¼ 0.030; n ¼ 71). Socio-economic variables, ie the age, education and smoking habits of the mother, family income and number of siblings, appeared not to have any effect on iron status indices when put in a multiple stepwise 
Discussion
In a population with high birth weight and a high frequency of breast-feeding, where cow's milk is commonly used in the second half of the first year, one out of five 12-month-old children was iron-deficient, and 2.7% had iron deficiency anaemia. By the same criteria of haemoglobin and serum ferritin as used in the present study for iron deficiency anaemia, none of Danish 9-month-old infants had iron deficiency anaemia (Michaelsen et al, 1995) . Average haemoglobin and MCV values were similar to those found in the present study, but serum ferritin was higher in the Danish infants, or 37 mg=l (Michaelsen et al, 1995) , compared with 17 mg=l in the present study. A fall in ferritin concentration can be expected between the ages of 6 and 18 months when iron demands for growth exceed intake (Stevens & Nelson, 1995) , and it could be hypothesized that the ferritin values would be lower in the Danish infants if they had been measured at the age of 12 months. With a higher cut-off value (Hb < 110 g=l), 2.6% of Irish infants were anaemic (with other haematological values also low; Freeman et al, 1998) . In a Swedish study, 26% of 12-month-old infants were defined as iron depleted (SF < 12 mg=l; Persson et al, 1998) , while 41% of infants in the present study met this criterion. From these studies, it seems apparent that the iron status of 1-y-old Icelandic infants is worse than that found in similar studies in neighbouring countries. It was harder to find comparable results for serum transferrin receptors (TfR) values, due to their infrequent usage in studies on children, differing results among different commercial assays, and the fact that cut-off values have not been established for infants and toddlers. When the TfR > 8.5 mg=l is used as a cut-off (Asobayire et al, 2001) , 25% of the infants in the present study have elevated TfR. Studies are needed on TfR and the TfR:log SF ratio, which have been suggested to depict the entire range of iron status (Punnonen et al, 1997; Skikne et al, 1990) . Gender apparently plays a role in infants' iron status; the frequency of iron deficiency was higher among boys than girls, and others have reported a similar gender difference (Sherriff et al, 1999; Thane et al, 2000) . Wharf et al (1997) reported higher iron stores in girls than boys, concluding that it could possibly reflect the faster absolute growth rate of boys than girls. This difference in growth between the genders disappears in the study population when incremental growth was calculated as a ratio of birth size (Atladottir & Thorsdottir, 2000) , hence, the difference in iron status between the genders cannot be explained by growth difference alone. This is supported by Domellof et al (2002) , which concluded that gender difference in MCV and serum ferritin values in infancy might be due to genetic and hormonal factors rather than differences in growth rate.
The results of the present study showed negative influence from large body size and more growth during the first year of life on iron status at the age of 12 months, independent of gender. The negative effect of increased growth on iron status indices has been reported in several studies (Freeman et al, 1998; Morton et al, 1988; Sherriff et al, 1999) . In the present study, no association was seen between birth weight or birth length and iron status at 12 months, which is in line with some other findings (Engelmann et al, 1998b; Wharf et al, 1997) , but the Euro-Growth study reported a positive association between birth weight and iron stores at 12 months (Male et al, 2001; Persson et al, 1998) . The weight and length at birth is higher in Iceland than in most nations, but ponderal index is similar to other related populations (Birgisdottir et al, 2002) . The low number of infants of low birth weight may explain the lack of a mathematical relation between birth weight and iron status and then indicate a protective effect of the population's high birth weight against iron deficiency in infants. A negative association between ponderal index at birth and iron status at 12 months has not been reported elsewhere. This might indicate lower iron stores at birth for newborns of high weight-for-length possibly related to a lesser iron containing tissues than in leaner infants, however, ponderal index can reflect varying body composition.
A possible explanation of the positive association seen in the present study between the duration of breast-feeding and iron status is that children who are breast-fed longer grow slower (Atladottir & Thorsdottir, 2000) , and slower growth induces better iron status at the age of 12 months. Additionally, breast-fed infants receive less cow's milk. The positive effects seen from breast-feeding on iron status in the present study seem to differ from the results of several other studies (Oti-Boateng et al, 1998; Pizarro et al, 1991) . Pizarro and co-workers found iron status to be negatively affected when breast milk was the only milk given for at least 9 months, while in the present study the median breast-feeding duration was 8 months; exclusive breast-feeding duration was shorter.
In the present study, the strongest overall influence of food consumption on iron status appeared to be when the food and nutrient intake at 9 and 12 months were combined to give an average consumption at 9 -12 months. The adjusted r 2 was lower at both 9 and 12 months separately than at 9 -12 months, indicating that the combined data for 9 -12 months was more strongly associated with the iron status indices. A possible reason for this is that the intake of foods and nutrients affects later iron status. Number of food recording days might also play a role. Two-day records have been shown to be sufficient for this age group, where day-to-day variation is low, and more days in continuous recording could decrease compliance (Atladottir & Thorsdottir, 2000; Black et al, 1983) .
Iron status at 12 months of age I Thorsdottir et al However, two food records of 2 days each might give a more valid reflection of the intake than one 2 day record. The negative association shown in the present study between iron status indices and cow's milk consumption has been reported in many other studies (Freeman et al, 1998; Gill et al, 1997; Michaelsen et al, 1995) . This strong association has led to the widespread recommendation that cow's milk should be avoided as infants' main drink until the age of 12 months. The duration of cow's milk feeding in the first year has been associated negatively with iron status in other studies (Mills, 1990; Tunnessen & Oski, 1987) . Tunnessen and Oski (1987) concluded that the main factor responsible for iron inadequacy in infants receiving cow's milk from 6 months of age was the low content of iron rather than gastrointestinal bleeding in infants caused by cow's milk proteins, which has been suggested elsewhere (Fuchs et al, 1993) . The negative effect of cow's milk on iron status has also been attributed to its calcium content, as calcium has been shown to inhibit iron absorption in single meal studies (Cook et al, 1991; Hallberg et al, 1991) , but whether the effect of calcium on iron absorption persists in a complete diet has been questioned (Reddy & Cook, 1997) . In the present study calcium intake was negatively associated with iron status, but to a lesser degree than cow's milk consumption (data not shown), possibly indicating that calcium was not alone to blame for the effect of cow's milk. The effect of cow's milk consumption was not seen until consumption reached approximately 500 g=day, which might indicate that components of cow's milk do not exert their negative effects on iron absorption unless in relatively high daily doses. Thane et al (2000) reported that children, aged 1.5 -4.5 y, consuming more than 400 g=day of cow's milk and cream were more likely to have poor iron status than those consuming less, while Lawson et al (1998) showed that cow's milk consumption over 600 -700 ml=day was associated with a high risk of iron deficiency in 2-y-old Asians in the UK. In this population introduction and use of iron-supplemented formula instead of cow's milk during weaning and the latter half of the first year might improve the iron status. Icelandic cow's milk has been shown to contain less diabetogenic proteins than comparable milk from other countries , which might raise the demand for native formula for infants. Butter and cheese were also found to have negative effects on all of the iron status indices except TfR and TfR:log SF ratio. These effects are not well documented, but it might be hypothesized that same components are at work as in cow's milk.
Meat and fish intake was found to be positively associated with iron status in the present study. The results are in accordance with the findings by others (Michaelsen et al, 1995; Thane et al, 2000) . The strongest positive effect on serum ferritin in the present study came from iron-fortified breakfast cereals. Such an effect from breakfast cereals has not been shown in comparably young children elsewhere, but iron-fortified infant cereals have been shown to improve iron status (Walter et al, 1993) . In the present study, MCV was the only iron status index to be associated with ascorbic acid intake, while ascorbic acid is known to enhance iron absorption (Fairweather-Tait, 1992; Hallberg et al, 1987) . The consumption of juices was negatively associated with MCV. The juices vary, and some types have low vitamin C content (for example, apple juice) and some include added sugar, which might lead to lower consumption of nutritious and iron-absorptionenhancing foods. The association of other nutrients with iron status indices can be related to food items associated with iron status, with calcium and potassium found in abundance in cow's milk and zinc a component of meat and fish products. Although interactions have been reported between zinc and iron (Solomons & Ruz, 1997) , these minerals do not compete for absorption when consumed in the amounts found in diets (Bougle et al, 2000) . The negative effect of bread consumption on iron status has been seen elsewhere (Michaelsen et al, 1995) . No association was found between iron status indices and total iron intake. Several reasons have been mentioned for this lack of association, among them the fact that iron absorption increases in individuals with low iron stores, and that iron bio-availability depends both on the form of iron in foods and the presence of dietary enhancers or inhibitors of absorption in meals (Gibson, 1999) .
In a population with high birth weight and a high frequency of breast-feeding, iron deficiency at 12 months was associated with faster growth from birth to 12 months of age. High weight for length, ie ponderal index, at both birth and 12 months and shorter breast-feeding duration were for the first time associated with worse iron status. These findings might be explained by that high ponderal index may reflect low iron stores and short breast-feeding is related to faster growth. No significant association was found between iron status and birth weight or length in the data presented. A protective effect of high birth weight and length of the investigated population can however not be excluded as they slow growth during the first year. The prevalence of iron deficiency in infancy in Iceland was found to be higher than in neighbouring countries, and more frequent in boys than girls which also has been found in other studies. In late infancy, a high consumption of cow's milk (approximately 500 g=day or more) has a negative effect on iron status, while the consumption of iron-fortified breakfast cereals, fish and meat may improve iron status.
